Avibactam is a new non-␤-lactam ␤-lactamase inhibitor that shows promising restoration of ceftazidime activity against microorganisms producing Ambler class A extended-spectrum ␤-lactamases (ESBLs) and carbapenemases such as KPCs, class C ␤-lactamases (AmpC), and some class D enzymes. To determine optimal dosing combinations of ceftazidime-avibactam for treating infections with ceftazidime-resistant Pseudomonas aeruginosa, pharmacodynamic responses were explored in murine neutropenic thigh and lung infection models. Exposure-response relationships for ceftazidime monotherapy were determined first. Subsequently, the efficacy of adding avibactam every 2 h (q2h) or q8h to a fixed q2h dose of ceftazidime was determined in lung infection for two strains. Dosing avibactam q2h was significantly more efficacious, reducing the avibactam daily dose for static effect by factors of 2.7 and 10.1, whereas the mean percentage of the dosing interval that free drug concentrations remain above the threshold concentration of 1 mg/liter (%fT>C T 1 mg/liter) yielding bacteriostasis was similar for both regimens, with mean values of 21.6 (q2h) and 18.5 (q8h). Dose fractionation studies of avibactam in both the thigh and lung models indicated that the effect of avibactam correlated well with %fT>C T 1 mg/liter. This parameter of avibactam was further explored for four P. aeruginosa strains in the lung model and six in the thigh model. Parameter estimates of %fT>C T 1 mg/liter for avibactam ranged from 0 to 21.4% in the lung model and from 14.1 to 62.5% in the thigh model to achieve stasis. In conclusion, addition of avibactam enhanced the effect of ceftazidime, which was more pronounced at frequent dosing and well related with %fT>C T 1 mg/ liter. The thigh model appeared more stringent, with higher values, ranging up to 62.5% fT>C T 1 mg/liter, required for a static effect.
A ll over the world, health care professionals are struggling with the problem of antibiotic resistance, and extended-spectrum ␤-lactamase (ESBL)-and/or carbapenemase-producing microorganisms especially form a global threat (1) (2) (3) (4) (5) (6) (7) . Apart from antibiotic stewardship, vaccines, and hygiene measurements, the development of new classes of antibiotics is of life-saving importance. Another, previously successful approach to overcome resistance is to combine a clinically proven ␤-lactam antibiotic with an inhibitor of the ␤-lactamases that confer resistance to it.
AstraZeneca and Actavis (formerly Forest-Cerexa) are developing the combination of ceftazidime with avibactam, a new non-␤-lactam ␤-lactamase inhibitor that forms a hydrolytically stable linkage with serine-based ␤-lactamases to overcome resistance (8, 9) . The combination showed in vitro activity against Ambler class A ESBLs, KPC class A enzymes, class C (AmpC) enzymes, and some class D enzymes. Studies in vitro have shown that ceftazidime MIC values against resistant strains were reduced drastically in the presence of this inhibitor, causing the strains to become susceptible to ceftazidime (9, 10) . In dose-response and simulated human exposure experiments in mice, it has been shown that the ceftazidime combined with the inhibitor avibactam is active in vivo (see, e.g., references 11, 12, and 13).
In the studies described here, neutropenic mouse infection models (thigh infection and pneumonia) with ceftazidime-resistant Pseudomonas aeruginosa were used to determine the exposure-response relationship of ceftazidime alone and to derive estimates of pharmacodynamic indices (PDI) over 24 h for avibactam in combination with ceftazidime. Since the percentage of the dosing interval that free drug concentrations remain above the MIC (%fTϾMIC) is the PDI that correlates best with efficacy for ␤-lactam antibiotics, as specified in particular for ceftazidime versus P. aeruginosa (14, 15) , only every-2-h (q2h) dosing intervals were used for ceftazidime.
To define the minimum-effect concentration of avibactam, a relatively new PDI, introduced recently (16) and based on a notional threshold concentration (C T ), was used. This value represents an approximation of the threshold concentration of avibactam during a declining concentration-time curve, below which ␤-lactamase is no longer effectively inhibited in vivo. Consequently, the exposure of avibactam that is required for pharmacodynamic effects can be expressed using the threshold concentration concept. Thus, the exposure of avibactam is expressed as the pharmacodynamic index of %fTϾC T , analogous to %fTϾMIC of the ␤-lactam (which is ceftazidime in this study). Similarly to the case for ceftazidime, the estimate of the %fTϾC T depends on the C T itself, but whereas the MIC of the ␤-lactam is usually known from in vitro data, the C T could in principle be determined in vitro (16) or in vivo. In the experiments presented here, the in vivo approach was used. Three values of C T , i.e., 0.25, 1, and 4 mg/liter, which spanned a C T value of Յ0.5 mg/liter obtained for Enterobacteriaceae in a hollow-fiber model (16, 17) , were examined to determine which of these best correlated to efficacy.
(The results of this study were presented in part at the 53rd Interscience Conference on Antimicrobial Agents and Chemotherapy, Denver, CO, 2013 [18, 19] .)
MATERIALS AND METHODS
Drugs. Ceftazidime (lot no. G263770; potency, 77.2%) and avibactam (lot no. AFCH005151 [07113P028]; potency, 91.7%) were provided by AstraZeneca Pharmaceuticals LP, Waltham, MA, USA. The drugs were reconstituted in sterile water to a stock solution of 5,120 mg/liter, and further solutions were prepared in Mueller-Hinton broth (Difco, Brunschwig Chemie, Amsterdam, The Netherlands).
Bacterial strains and susceptibility testing. Seven well-characterized ceftazidime-resistant Pseudomonas aeruginosa strains were used in the experiments. All strains were of clinical origin and ␤-lactamase producers of different origins, with MICs ranging from 32 to 128 mg/liter for ceftazidime alone and 2 to 16 mg/liter for the combination of ceftazidime and avibactam, measured at a concentration of 4 mg/liter avibactam (Table 1) . Isolates 1, 3, 5, and 7 were included in human simulated-exposure experiments in mouse thigh and hollow-fiber experiments (13) and mouse lung infections (20) as isolate numbers 1382, 1384, 1386, and 1388, respectively. All 7 isolates in Table 1 were included in the set of 18 isolates of P. aeruginosa studied in ceftazidime-avibactam "checkerboard" MIC experiments by Berkhout et al. (21) . MICs were determined as described previously (21) by microdilution according to the ISO guidelines (22) . This method is CLSI compatible.
Animals. Outbred female CD-1 mice (Charles River, the Netherlands), 7 to 8 weeks old and weighing 20 to 25 g, were used in the experiments. Granulocytopenia was induced by two doses of cyclophosphamide intraperitoneally, one at 4 days (150 mg/kg) and the other at 1 day (100 mg/kg) before the infection experiment.
The animals were housed under standard conditions with drink and feed supplied ad libitum and were examined once daily and after immunosuppression 2 to 3 times per day. The animal studies were conducted in accordance with the recommendations of the European Community (Directive 86/609/EEC, 24 November 1986), and all animal procedures were approved by the Animal Welfare Committee of Radboud University (RU-DEC 2012-003).
Infection. The infection models included a thigh infection model (two P. aeruginosa strains per animal, one in the left thigh and one in the right thigh) and a lung infection model (one strain per animal). In both cases, 0.05 ml of bacterial suspension consisting of approximately 10 6 to 10 7 bacterial CFU was inoculated intramuscularly (thigh model) or intranasally (lung model) with a syringe. For the lung model, animals were under light anesthesia with isoflurane during inoculation. At t ϭ 0 h, 2 h after infection, 2 mice were humanely sacrificed to determine the initial number of CFU just before start of treatment. In general, the number of CFU at the start of treatment was between 5 ϫ 10 5 and 10 7 . All other animals were sacrificed at t ϭ 24 h (i.e., 24 h after start of treatment and 26 h after infection) unless the welfare of the animals indicated that earlier termination was necessary in compliance with animal welfare regulations. Thighs and lungs were collected and moved to precooled 10-ml plastic tubes (Transport Tube; Omnilabo, The Netherlands) containing 2 ml phosphate-buffered saline (PBS) (8.00 g/liter NaCl, 1.44 g/liter Na 2 HPO 4 · 2H 2 O, 0.26 g/liter KH 2 PO 4 , pH 7.2 to 7.4). Subsequently thighs and lungs were ground using an Ultra-Turrax (IKA Labortechnik, Germany). The homogenized tissues were diluted in a 10-fold dilution series, and 3 ϫ 10 l of each dilution was plated (Pseudomonas CFC selective medium, PO5132A; Oxoid, Germany) and incubated at 37°C. The following day, colonies were inspected and counted, and the number of CFU per thigh or lung was calculated. In the thigh infection experiments, if more than 1 strain was inoculated in the same mouse, morphological characteristics of the strains were always distinctive to allow detection of potential cross-contamination between thighs. The drug effect was then determined as the difference between the log 10 (CFU/thigh or lung) values at t ϭ 24 h and t ϭ 0 h (mean value for 2 mice) and expressed as "⌬logCFU" (i.e., algebraically positive for growth, zero for "stasis," and negative for reduction or "killing"). , possesses ␤-lactamase gene coding for TEM 24 . b The MIC of ceftazidime-avibactam was the value of the ceftazidime MIC measured in the presence of a fixed concentration of avibactam of 4 mg/liter. c The highest dose used did not result in a bacteriostatic effect.
Treatment regimens. Experiments with ceftazidime monotherapy were performed initially to determine the exposure-response relationship of each strain without avibactam. Treatment with 0.1 ml of increasing doses of ceftazidime or saline (control) was administered subcutaneously every 2 h, starting at t ϭ 0 h (2 h after inoculation), and continued for a period of 24 h. To determine the PDI of avibactam best correlating with efficacy, infections with two strains of P. aeruginosa (strains 11 and 18) were established in thigh and lung and treated with ceftazidime and avibactam. Avibactam in increasing doses was administered in q2h and q8h regimens, while ceftazidime was dosed in a fixed dosing regimen every 2 h at a dose which resulted in an increase of 1 to 2-log 10 CFU in monotherapy treatment. In addition, a full-dose fractionation experiment with avibactam was performed superimposed on the q2h dosing schemes of ceftazidime at a dose level that resulted in an increase of 2 log 10 CFU with P. aeruginosa strains 7 and 18 in both infection models. The amounts of avibactam administered varied in frequency and dose (from 4 mg/kg to 64 mg/kg and from q2h to q12h).
For a more precise estimate of the magnitude of the PDI and the variability by strain, codosing experiments were performed for another 2 P. aeruginosa strains in the lung model and 6 strains in the thigh model. All dosing regimens were performed in at least 2 animals per dosing regimen.
Antibiotic concentration measurements. Antibiotic concentration measurement methods and pharmacokinetics in both infection models in neutropenic female CD-1 mice have been described elsewhere in detail (23) . Briefly, the half-lives of ceftazidime and avibactam were 0.28 h and 0.24 h in plasma and 0.39 and 0.34 h in lung epithelial lining fluid (ELF), respectively.
Pharmacodynamic analysis. Ceftazidime and avibactam free drug concentrations determined as described previously (13) were used in all calculations. Exposures of unbound ceftazidime and avibactam were determined using MicLab 2.36 (Medimatics, Maastricht, The Netherlands) using pharmacokinetic parameter estimates obtained from previous detailed pharmacokinetic studies in infected neutropenic mice (23) . The maximum-effect (E max ) model was fit to the exposure and pharmacodynamic responses to determine the PDI values of ceftazidime alone or in combination with avibactam resulting in a static or specified log kill effect. For avibactam %fTϾC T , the percentages of the dosing interval above threshold concentration C T were calculated for C T s of 0.25, 1, and 4 mg/ liter. In the dose fractionation experiments in the thigh model, regimens with equal total daily areas under the concentration-time curve (AUC) were compared to each other to determine whether doses given more frequently were more effective by establishing the relationship between log of dose frequency and change in log CFU.
RESULTS
The %fTϾMICs required for a static effect with ceftazidime monotherapy in thigh-and lung-infected mice are summarized in Table 1 . For all strains, an effect of ceftazidime was detectable. The estimates for a static effect varied between 0 and 29.6% fTϾMIC, noting that ceftazidime MICs ranged between 32 and 128 mg/liter. All relationships followed a sigmoid pattern, but because of the high MICs, a static effect was not reached even with the highest ceftazidime doses against strain 11 when infecting the thigh.
The effect of dosing frequency for avibactam was first determined in the lung model by monitoring the efficacy of avibactam dosed in combination with ceftazidime on a q2h regimen. Figure 1 shows an example of the difference in efficacy between the q2h and the q8h regimens of avibactam in lung-infected mice. The ceftazidime regimen without avibactam was not effective, as shown by outgrowth of the non-avibactam-treated controls plotted on the vertical axis in Fig. 1 at the dose of 1 mg/kg (actually corresponding to no avibactam added). The exposure-response curves indicate that the q2h regimen was more efficacious than the q8h regimen. Analyses of the pharmacokinetics/pharmacodynamics (PK/ PD) from Fig. 1 and from a similar experiment with isolate 11 are provided in Table 2 . The daily dose of avibactam resulting in a static effect was lower for avibactam q2h than for avibactam q8h by factors of 10.1 and 2.7 for strains 11 and 18, respectively. However, the %fTϾC T 1 mg/liter avibactam for a static effect was comparable for both regimens, indicating that the effect of avibactam is related primarily to a time above a certain threshold rather than the total daily dose or AUC. The overall mean %fTϾC T 1 mg/liter for avibactam was 20.1% (range, 16.1 to 23.5%, for both dosing regimens combined) for a static effect ( Table 2 ).
The effect of dosing frequency was also determined in both lungand thigh-infected mice by full-dose fractionation studies of avibactam, varying from 4 mg/kg to 64 mg/kg per dose and from a q2h to a q12h dosing scheme. In these experiments, ceftazidime was concomitantly administered in a fixed q2h dosing regimen that had resulted in an increase of about 2 log 10 CFU compared to the initial inoculum in the absence of avibactam. Figure 2 shows an example for P. aeruginosa strain 18 in thigh-infected mice. The various avibactam dosing regimens showed considerable variation in outcome. There was clearly no significant correlation with maximum concentration (C max ). The %fTϾC T as well as AUC and dose show a reasonable correlation with the change in log CFU, but visual inspection of the plots as well as the r 2 values of the different relationships confirmed that %fTϾC T 1 mg/liter avibactam was the best predictor, with the highest r 2 values of the three threshold concentra- tions, although r 2 values for AUC and %fTϾC T 1 mg/liter were comparable, being 0.68 and 0.67, respectively (r 2 was 0.61 for both %fTϾC T 0.25 mg/liter and %fTϾC T 4 mg/liter). For thigh-infected animals, a %fTϾC T 1 mg/liter of 30.2% (strain 18) or 74.1% (strain 7) was required to result in a bacteriostatic effect. In the thigh infection model, there were three sets of regimens with the same total daily AUC that allowed a regression analysis between log frequency and change in log CFU. A significant relationship (P Ͻ 0.05) was found for both strains 7 and 18, indicating that frequency of dosing and therefore %fTϾC T is an important factor in the overall effect and confirming the results in the lung model described above.
For lung-infected animals, similar patterns were observed (data not shown) except that lower exposures of avibactam were required to result in a bacteriostatic effect, with a %fTϾC T 1 mg/ liter of 24.5% (strain 18) and 6.7% (strain 7). There was no clear reason for the magnitudes of %fTϾC T 1 mg/liter being higher in thigh-infected animals.
The %fTϾC T of avibactam was determined for an additional two strains in the lung model and six in the thigh model using various doses of avibactam codosed with ceftazidime in a fixed regimen of q2h. In general, the %fTϾC T required for stasis was again somewhat lower in the lung model. Figure 3 shows an example of the exposure-response relationship for avibactam and P. aeruginosa strain 7 in the two infection models. In Table 3 , a summary of the results of the static doses, MICs of ceftazidime in the presence of 4 mg/liter avibactam, 1-log 10 kill, and the associated %fTϾC T or %fTϾMIC to reach those specific effects in ceftazidime-avibactam codosing experiments are provided for the lung model. For two isolates (1 and 19) the bactericidal effect was stronger than expected, and relatively low doses of avibactam resulted in more than 1-log 10 kill. In addition, the effect of ceftazidime without avibactam was too strong for strain 19. Static doses could therefore not be estimated reliably for isolate 19, and the %fTϾC T 1 mg/liter avibactam estimates for the change in log 10 CFU/tissue sample for both isolates was 0. Table 4 shows a summary of the results of the static doses, MICs of ceftazidime in the presence of 4 mg/liter avibactam, 1-log 10 kill, and the associated %fTϾC T or %fTϾMIC to reach a specific effect in the thigh model.
As can be derived from Table 4 , the mean %fTϾC T 1 mg/liter for a static effect was 31.0% (14.1 to 62.5%; standard deviation [SD] ϭ 13.7). For a 1-log 10 kill compared to the initial inoculum, the mean %fTϾC T 1 mg/liter was 46.9% (32.9 to 67.2%; SD ϭ 17.1). The relation to %fTϾMIC of ceftazidime-avibactam (i.e., as measured in vitro in the presence of 4 mg/liter avibactam) is displayed as well, showing a mean of 51.9% (range, 34.6 to 77.5%; SD ϭ 18.7).
DISCUSSION
When adding avibactam in different dosing schemes to a ceftazidime treatment regimen that was not effective given alone, we found that the most important pharmacodynamic index that determined outcome was the time above a certain threshold concentration, C T . In the dose fractionation experiments in the lung, as well as in the experiments with dosing schemes of avibactam q2h and q8h in lung-infected animals, a %fTϾC T 1 mg/liter of around 20% in plasma was required to achieve a static effect in vivo. For 1-and 2-log kills, this increased to about 24% and 30%, respectively. A significantly lower total daily dose of avibactam was needed to reach a static effect if avibactam was given more frequently. For the two strains submitted to a q2h and q8h dosing regimen of avibactam, the total daily dose of avibactam resulting in a static effect was lower by factors of 10.1 and 2.7, respectively, for strains 11 and 18, a considerable difference between the two strains in both cases. A similar effect was observed in dose fractionation experiments in the thigh, where efficacy increased if the frequency of dosing increased for similar total daily doses.
From these findings, two important conclusions can be drawn. The first is that the effect of avibactam was not dependent on the peak concentration C max . The second is that, although there was some relationship between the bacteriostatic or bactericidal response and the total daily dose of avibactam administered (i.e., equivalent to fAUC), the more efficacious therapy was obtained with the more frequent dosing regimen for any given AUC. This fits well with the efficacy of ceftazidime, the principal PK/PD index of which is %fTϾMIC (14, 15) . From a practical point of view, this PK/PD property has its advantages if patients are treated with the combination of these two drugs because their human PK are also similar, both being renally eliminated with similar half-lives (9) . Still, the amount of avibactam required for effect was also dependent on other factors. In the lung infection experiments, a relatively lower exposure of avibactam was required to result in efficacy for strains 1 and 19 (Table 3) . In vitro results could not fully explain this; in a checkerboard experiment with these strains, the concentration of avibactam required to reduce the MIC was not less than for other strains (results not shown). There might also be some dependency of the ceftazidime dose. In the lung model, additional dose fractionation experiments were performed with strain 7 using two different total daily doses of ceftazidime (1.87 mg/kg and 16 mg/kg) (data not shown). The results indicated that a four-times-higher value of avibactam was needed with the lowest daily dose of ceftazidime to reach stasis, thus supporting the idea that the amount of avibactam necessary is (partly) dependent on the dose of ceftazidime administered. This is also in agreement with the in vitro effects of avibactam, showing an increased reduction in MIC if the concentration increases. Comparable effects were observed earlier with the ␤-lactamase inhibitor MK7655 combined with imipenem (24) .
Similar to the findings in the lung model, %fTϾC T 1 mg/liter was the pharmacodynamic index that best described the effect of avibactam in the thigh infections. However, for most strains, higher doses and a higher %fTϾC T appeared to be necessary to reach a static effect and 1-log 10 kill than with lung infections. There is no immediate explanation for this observation, but it could be related to the infection models. Similar inocula were used for establishing thigh or lung infections, and the total number of bacteria in both models appears to be similar after infection. However, the thigh infection is limited to a small inoculum-to-surfacearea ratio, whereas the bacteria instilled to cause lung infection distribute over the lungs. It could be hypothesized that drug penetration to each bacterial cell is somewhat better in the lung. Potentially, less inhibitor would be required to render all strains susceptible. In addition, the total amount of inhibitor present in the mouse exceeds by far what is required for inactivation of ␤-lactamases. For some other antimicrobials, more drug is required in lung infections because penetration into ELF is not significant, but this is, for example, not the case for aminoglycosides (25) . A second possibility is a lower expression of ␤-lactamases in lung tissue, resulting in greater susceptibility to avibactam in the lung. This might also explain the observation of a greater sensitivity to ceftazidime monotherapy in the lung than in the thigh.
Although there appeared to be a reasonable fit between avibactam effect and %fTϾC T 1 mg/liter in both the thigh and lung infections, the exact threshold value cannot be determined from the analysis performed, and a different magnitude close to C T 1 mg/liter being superior cannot be excluded. The best approximation of the threshold in our studies is 1 mg/liter, but in reality it might be 1.5 or 0.8 mg/liter. However, from visual inspection as well as the r 2 of the fits, it is reasonably close to 1 mg/liter, and this is a number that in practice is easy to use. Besides, to determine the exact threshold would require a significant number of experiments to be performed. In addition, it may well turn out that there is strain-to-strain variation. In the hollow-fiber model, a range of C T of Ͼ0.25 and Ͻ0.5 mg/liter was described recently for ␤-lactamase-producing strains of Enterobacteriaceae tested in that model (16) .
As has been known since the early days of therapy with ␤-lactam antibiotics (26) and since confirmed in numerous studies (25, 27, 28) , the efficacy of this class is dependent on the frequency of administration, and the %fTϾMIC is the most important pharmacodynamic index for treatment success. This was also the case in our mouse models with P. aeruginosa infection and ceftazidime monotherapy. However, in contrast to the %fTϾMIC of 40% to 50% usually required for a static effect, we found that for most strains a much lower value was required, particularly those with very high MICs. Thus, relatively lower doses of ceftazidime monotherapy were required for these strains to result in stasis.
All strains used were quite resistant, based on different resistance mechanisms, and it seems very plausible that the reason for our observations is associated with this. It thus appears that the in vitro MIC for resistant strains is not fully predictive of the effect in vivo, and the amount of ceftazidime required for a static effect might be overestimated based on MIC alone for some very resistant strains. We have found this phenomenon for virtually every ␤-lactamase inhibitor combination that we have studied in our model, and this phenomenon was also reported earlier with imipenem in this model (24) .
We are not the only study group reporting these kind of results. For example, MacVane et al. (29) found in the same type of infec- tion model with NDM-producing Enterobacteriaceae a moderate reduction in bacterial density, although the %fTϾMIC was 0% (MIC of Ͼ128 in vitro). The amount of ceftazidime present relative to the amount of ␤-lactamase, with the latter being much higher in vitro than in vivo because in vivo the infection is localized, might be the significant factor here, in particular if ceftazidime hydrolysis by the ␤-lactamase is rate limited and the excess of ceftazidime present is therefore significant. Alternatively, the growth rate may be significantly lower in vivo for these resistant strains, where the balance between kill rate and growth rate changes in favor of kill rate (30) and relatively lower %fTϾMIC values are required for a static effect.
We conclude that the effect of avibactam in combination with ceftazidime is dependent on the time above threshold %fTϾC T 1 mg/liter. The results found in this study are proposed to be applicable to designing and assessing human dosing regimens.
